Using density-functional theory, we calculate the electronic bandstructure of single-layer graphene on top of hexagonal In2Te2 monolayers. The geometric configuration with In and Te atoms at centers of carbon hexagons leads to a Kekulé texture with an ensuing bandgap of 20 meV. The alternative structure, nearly degenerate in energy, with the In and Te atoms on top of carbon sites is characterized instead by gapless spectrum with the original Dirac cones of graphene reshaped, depending on the graphene-indium chalcogenide distance, either in the form of an undoubled pseudospin one Dirac cone or in a quadratic band crossing point at the Fermi level. These electronic phases harbor charge fractionalization and topological Mott insulating states of matter.
Using density-functional theory, we calculate the electronic bandstructure of single-layer graphene on top of hexagonal In2Te2 monolayers. The geometric configuration with In and Te atoms at centers of carbon hexagons leads to a Kekulé texture with an ensuing bandgap of 20 meV. The alternative structure, nearly degenerate in energy, with the In and Te atoms on top of carbon sites is characterized instead by gapless spectrum with the original Dirac cones of graphene reshaped, depending on the graphene-indium chalcogenide distance, either in the form of an undoubled pseudospin one Dirac cone or in a quadratic band crossing point at the Fermi level. These electronic phases harbor charge fractionalization and topological Mott insulating states of matter. Since the pioneering work of Esaki and Tsu back in 1970 [1] , superlattices have attracted a huge interest because mostly because they can be used to tailor the electronic properties of conventional materials. Two alternative methods to create superlattices of two-dimensional (2D) electrons have been devised. The first method is based on the lithographic patterning of semiconductor surfaces [2] . The alternative method, which has received a boost with the experimental discovery of graphene [3] and other two-dimensional (2D) nanomaterials such as germanene and silicene, relies on the existence of longperiod moiré patterns formed by two slightly incommensurate 2D lattices with same crystal symmetry placed on top of each other. Graphene on hexagonal boron nitride (hBN) [4] has emerged as a remarkable example of such a superstructure [5, 6] . This, has led to a plethora of phenomena including cloning of Dirac fermions [7, 8] and the experimental realization of the Hofstadter butterfly [9, 10] -a fractal spectrum theoretically predicted in conventional 2D electron gases subject to external ultralarge magnetic fields [11] . As recently shown for graphene on hBN [12] , large moiré superstructures can undergo a structural transition to a commensurate state. This occurs whenever the period of the superstructure is so large that it becomes energetically favorable to adjust the two lattices to become commensurate, loosing in elastic energy but gaining in van der Waals energy.
It is then conceivable that qualitatively different shortperiod commensurate graphene superlattices can be engineered using as substrates the large number of semiconductors with an hexagonal surface layer, layered hexagonal crystals, and the corresponding 2D crystals that can be produced thereof with larger unit cells. The simplest example of a commensurate graphene superstructure, for instance, can be manufactured by placing graphene on top of hexagonal underlays with a unit cell almost three times bigger than the graphene one. These include threedimensional materials -PtTe 2 , h-GaTe, InAs, CdSe [13] to name but a few -but also next-generation 2D crystals such as gallium and indium chalcogenides (Ga,In) 2 X 2 with X=S, Se, Te [14, 15] .
In a commensurate √ 3 × √ 3 graphene superlattice, intervalley scattering of the graphene Dirac electrons can potentially lead to several phenomena including the opening of a gap by means of a Kekulé distortion, realized so far only in molecular graphene [16] . By considering, with a set of density-functional theory (DFT) calculations, a prototypical commensurate graphene superlattice with tripled unit cell, namely graphene on top of hexagonal In 2 Te 2 monolayers, in this Letter we demonstrate the opening of a Kekulé bandgap of ≃ 20 meVan energy almost as large as k B T at room temperature. Domains of the Kekulé phase generate the presence of a stable fermionic zero mode with fractional charge [17] obeying fractional exchange statistics [18, 19] -the basic building block of a topological quantum computer. For an alternative, almost degenerate, geometric configuration, the Dirac cones of pristine graphene are instead reshaped either in the form of a pseudo-spin one Dirac cone [20] or in a quadratic band crossing point at the Fermi level, which is prone to many-body instabilities towards non-trivial topological states of matter [21] .
Indium chalcogenides take several forms including tetragonal, rhombohedral, cubic, monoclinic and orthorhombic phases as well as an hexagonal structure. While indium selenide exists in this form in nature, indium sulfide and indium telluride exhibit orthorhombic and tetragonal structures respectively, but this does not preclude the possibility to create metastable structures in the hexagonal phase. This layered structure consists of two vertically aligned hexagonal sublayers of indium atoms sandwiched between two vertically aligned hexagonal sublayers of chalcogen atoms (X) [14] . Viewed from above, a In 2 X 2 monolayer forms a two-dimensional honeycomb lattice. The optical and electronic properties of these single-layer crystals show that they are semicon- ductors with an indirect bandgap of ∼ 1.5 eV [14] . From here onwards, we will restrict to consider indium telluride monolayers since its geometry is such that the distances between In and Te sites are 2.73Å and 5.50Å respectively, which gives a planar lattice constant of 4.23Å. This, in turn, gives a lattice mismatch less than 1% between the indium chalcogenide monolayer and a perfectly commensurate √ 3 × √ 3 graphene superlattice (with superlattice constant of 4.26Å). Since this lattice mismatch is even smaller than the 1.8% percent lattice mismatch between graphene and hBN, it is reasonable to assume that in a graphene-In 2 Te 2 bilayer, the carbon atoms will stretch to follow the periodicity of the indium chalcogenide monolayer, at least for small misorientation angles between the two 2D crystals.
We consider two inequivalent configurations of a perfectly commensurate graphene-In 2 Te 2 bilayer, related to each other by a translation of the graphene sheet with respect to the In 2 Te 2 monolayer, see Fig. 1(a) :
(1) the (A) configuration with the In and Te atoms sitting at the center of carbon hexagons; and (2) the (B) configuration with the In and Te atoms sitting on top of carbon sites.
The self-consistent calculations based on DFT [22] have been performed with the Vienna ab initio simulation package VASP [23] using a plane-wave basis and a kinetic energy cutoff of 500 eV. The Brillouin zone summations have been carried out with the tetrahedron method and a 24×24×1 grid in the Brillouin zone (BZ). We have included a dipole correction to avoid interactions between periodic images along the z direction [24] and represent the vacuum above the graphene sheet with an empty space of 12Å. We have performed the same calculations using the Quantum Espresso package [25] and found an excellent agreement.
In Fig. 1(b) we show the total energies of the two con- figurations (A) and (B) as a function of the distance d between the In 2 Te 2 monolayer and the graphene sheet using the local density approximation (LDA) to the exchange correlation potential [26] . The equilibrium separation for configuration (A) of ∼ 3.5Å is slightly smaller than configuration (B). For all distances, the two configurations are very close in energy within the accuracy of our calculations, although we find that configuration (A) has a total energy a few meV lower than configuration (B).
Having established the near energetic degeneracy of the two configurations, we have then computed the corresponding electronic structure for both configuration (A) and configuration (B). In Fig. 3(a) we show the projected density of states (DOS) and the band structure of our graphene-In 2 Te 2 heterostructure assuming the (A) configuration at the equilibrium distance. For the In 2 Te 2 -derived bands, we find a well defined gap nearly identical to the LDA gap value found for In 2 Te 2 monolayers [14] . Within this indium chalcogenide gap, the bands have a predominant carbon character suggesting a weak hybridization as explicitly demonstrated from the comparison of the band structures of the graphene-In 2 Te 2 bilayer [c.f. Fig. 3(b) ] and that of graphene and In 2 Te 2 as isolated single layers [c.f. Fig. 3(c) ]. On the eV scale of Fig. 3(a) the original Dirac cones, which are folded at the Γ point of the BZ due to the tripling of the graphene unit cell, appears to be preserved [c.f. Fig. 3(b) ]. However, a closer inspection around that point in the BZ reveals that a gap of 16 meV is opened and the dispersion is quadratic.
It is well-known that within the LDA approximation the exchange correlation potential is not accurately described, resulting in an underestimation of the band gap precisely as for the case of graphene on hBN [4, [27] [28] [29] . To overcome this problem, we have thus performed calculations based the Heyd-Scuseira-Ernzerhof (HSE) hybrid functional [30] . We have opted for HSE since it is much faster than other many-body perturbation methods, and provides performances well in agreement with G 0 W 0 or GW calculations [31] . The HSE calculations reveal an increase of the bandgap to 20 meV -a value corresponding almost to k B T at room temperature.
To investigate the stability of the bandgap opening mechanism in our graphene-based heterostructure, we computed the electronic structure as a function of the distance d between the two 2D crystals, resorting to the computationally cheaper LDA. We find that the presence of the bandgap at the Γ point in the BZ is robust and the gap value increases up to 0.7 eV for d ≃ 2.5Å [c.f. circles (S) in Fig. 3(a) ]. The nature of this bandgap opening mechanism is very different from the sublattice symmetry-breaking mechanism expected for instance in graphene on hBN [4] . The occurrence of massive Dirac fermions in the present heterostructure is indeed due to the appearance of a substrate-induced Kekulé phase. To explicitly prove this point, we have relaxed the planar positions of the carbon atoms at each distance d. In the ensuing stable configuration, the carbon atoms have three different sets of distances (d 1 , d 2 and d 3 ) whose behavior, as a function of the distance between the graphene sheet and the In 2 Te 2 monolayer, is shown in Fig. 3(b) . These distortions render a Kekulé texture, schematically shown in Fig. 3(c) , entirely due to the asymmetry of the In 2 Te 2 ionic potentials. The Te and In triangular planes are indeed at different distances from the graphene layer and this stacking influences the effective potential acting on the carbon-carbon bonds. Te ions are closer to the graphene layer and lead to a decrease in the carboncarbon bonds aligned with the corresponding Bravais lat- Fig. 3(a) ] confirms that the opening of the gap is related entirely to the inequivalence of the carboncarbon bonds in the graphene layer. The Kekulé phase is topologically trivial but it is characterized by a Z 3 order parameter corresponding to the three degenerate Kekulé ground states obtained by translating the patterns shown in Fig. 3(c) by the graphene Bravais primitive lattice vectors. Single quantized vortices in the phase of the order parameter, which can be realized in practice at a Y junction of three inequivalent Kekulé domains [32] have been shown to possess a stable fermionic zero mode, which carries fractional charge ±e/2 [17] and is characterized by fractional exchange statistics [18, 19] . The value of the Kekulé gap in graphene-In 2 Te 2 bilayers is large enough to ensure a possible use of this heterostructure for devices potentially relevant for topological quantum computation. We emphasize that the onset of the Kekulé phase can be realized not only in the present graphene-In 2 Te 2 bilayers but also using as substrates the large number of materials almost commensurate with √ 3× √ 3 graphene superlattice, which share the same structural symmetry.
Next, we discuss the electronic bandstructure in the nearly degenerate configuration (B). Fig. 4 shows the band structure at selected distances between the graphene layer and the In 2 Te 2 single layer along highsymmetry directions in the BZ. Zooming in on the Γ point, we find the absence of a full bandgap. The original Dirac cones do not acquire any finite mass but are rather reshaped in a qualitatively different form, which is strongly susceptible to the graphene-In 2 Te 2 layer distance. At the LDA equilibrium distance d ∼ 3.54Å, the band structure shows a single massless Dirac cone close to the Γ point with two additional spin-degenerate bands touching the cone at the Dirac point. This particular form of the electronic structure close to the Fermi level has been dubbed as pseudo-spin one Dirac cone [21] since it represents the time-reversal analog of the spinone Dirac cone predicted in microscopic models of the Kagome lattice with staggered magnetic flux [20] . In close proximity to the Fermi level, indeed, an effective Hamiltonian for the corresponding conical-like spectrum would be of the form H ∝ k · L where the L operators generate the three-dimensional pseudo-spin one representation of SU (2).
The conical form of the electronic structure at the Γ point of the BZ is lost as one moves away from the LDA optimal equilibrium distance. Considering both larger and smaller distances d = 2.54, 3.04Å the low-energy dispersion is again gapless but a quadratic band crossing point (QBCP) occurs at the Fermi level. QBCP's in two-dimensional systems have recently attracted considerable attention since they are characterized by a finite DOS but do not have a Fermi surface. Electronic interactions are marginally relevant in the renormalization group sense [33, 34] , leading to weak coupling instabilities towards nematic and topological Mott insulating states: quantum states of matter with an insulating bulk gap generated by interactions and topologically protected edge states. The appearance of both a pseudo-spin one Dirac cone and a QBCP can be rationalized by considering again the effect of the ionic potentials of the In 2 Te 2 monolayers on the graphene layers. The In and Te atoms sits indeed on top of two carbon sites belonging to the same original graphene sublattice, giving rise to strongly localized, yet different ionic potentials. These different on-site energies realize, in turn, a sublattice symmetry breaking mass for the Dirac fermions as well as a specific combination of constant non-Abelian SU (2) gauge fields [21] , which give rise to a non-Abelian magnetic field similar to the one predicted to occur in molecular graphene [35] by displacements of the CO molecules. Specifically, it is possible to show that while massive Dirac fermions occur whenever the renormalization of the on-site energies of the carbon atoms sitting on top of the In and Te sites are equal in sign, gapless behavior with a QBCP is expected in the opposite regime of on-site energies renormalizations opposite in sign. The transition from the gapless to the gapped regime is then marked by the emergence of a pseudo-spin one Dirac cone, and can only occur if the effect of the indium layers is negligible as compared to the one due to the chalcogen layers. In conclusion we have investigated the electronic properties of single layer graphene on top of In 2 Te 2 monolayer by means of density-functional theory calculations using LDA and HSE. In a perfectly commensurate state, this heterostructure can realize two possible inequivalent geometrical configuration. The first configuration, where the In and Te atoms lie above the center of the graphene hexagons, reveals a gap of 20 meV resulting from the formation of a Kekulé distortion in the carbon-carbon bonds entirely due to the graphene-indium chalcogenide interaction. This finding suggests that by experimentally creating vortices of the Kekulé texture at a Y junction, a route towards fractionally charged topological excitations -mathematical analogs of fractional vortices in p-wave superconductors -will be opened. The alternative, almost degenerate, geometrical configuration where the In and Te atoms are above the carbon atoms of graphene, has instead a gapless spectrum with the appearance of either an undoubled pseudo-spin one Dirac cone or a quadratic band crossing point at the Fermi level, a bandstructure which is prone to many-body instabilities towards topological Mott insulating states. 
